The dense microbial ecosystem in the gut is intimately connected to numerous facets of human biology, and manipulation of the gut microbiota has broad implications for human health. In the absence of profound perturbation, the bacterial strains that reside within an individual are mostly stable over time 1 . By contrast, the fate of exogenous commensal and probiotic strains applied to an established microbiota is variable, generally unpredictable and greatly influenced by the background microbiota 2,3 . Therefore, analysis of the factors that govern strain engraftment and abundance is of critical importance to the emerging field of microbiome reprogramming. Here we generate an exclusive metabolic niche in mice via administration of a marine polysaccharide, porphyran, and an exogenous Bacteroides strain harbouring a rare gene cluster for porphyran utilization. Privileged nutrient access enables reliable engraftment of the exogenous strain at predictable abundances in mice harbouring diverse communities of gut microbes. This targeted dietary support is sufficient to overcome priority exclusion by an isogenic strain 4 , and enables strain replacement. We demonstrate transfer of the 60-kb porphyran utilization locus into a naive strain of Bacteroides, and show finely tuned control of strain abundance in the mouse gut across multiple orders of magnitude by varying porphyran dosage. Finally, we show that this system enables the introduction of a new strain into the colonic crypt ecosystem. These data highlight the influence of nutrient availability in shaping microbiota membership, expand the ability to perform a broad spectrum of investigations in the context of a complex microbiota, and have implications for cell-based therapeutic strategies in the gut.
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The dense microbial ecosystem in the gut is intimately connected to numerous facets of human biology, and manipulation of the gut microbiota has broad implications for human health. In the absence of profound perturbation, the bacterial strains that reside within an individual are mostly stable over time 1 . By contrast, the fate of exogenous commensal and probiotic strains applied to an established microbiota is variable, generally unpredictable and greatly influenced by the background microbiota 2, 3 . Therefore, analysis of the factors that govern strain engraftment and abundance is of critical importance to the emerging field of microbiome reprogramming. Here we generate an exclusive metabolic niche in mice via administration of a marine polysaccharide, porphyran, and an exogenous Bacteroides strain harbouring a rare gene cluster for porphyran utilization. Privileged nutrient access enables reliable engraftment of the exogenous strain at predictable abundances in mice harbouring diverse communities of gut microbes. This targeted dietary support is sufficient to overcome priority exclusion by an isogenic strain 4 , and enables strain replacement. We demonstrate transfer of the 60-kb porphyran utilization locus into a naive strain of Bacteroides, and show finely tuned control of strain abundance in the mouse gut across multiple orders of magnitude by varying porphyran dosage. Finally, we show that this system enables the introduction of a new strain into the colonic crypt ecosystem. These data highlight the influence of nutrient availability in shaping microbiota membership, expand the ability to perform a broad spectrum of investigations in the context of a complex microbiota, and have implications for cell-based therapeutic strategies in the gut.
Changes to the microbial members of the highly competitive and dynamic gut microbiota can impact numerous aspects of host biology [5] [6] [7] . Despite the importance of gut microbe composition in human health, the rules governing invasion of commensal strains into an existing complex community are not well understood. Resident strains often appear to exclude similar invading strains 3, 4 although in some cases, the opposite is true: the niche that is occupied by an existing strain can be exploited by a similar invading strain 8 . The inability to predict or control the compositional outcome of faecal microbiota transplants [9] [10] [11] illustrates the need for basic insight into the factors that influence whether new strains of bacteria can integrate into a pre-existing, complex microbiota.
To characterize the extent to which incoming exogenous bacteria variably colonize hosts with distinct microbiotas, we used a group of mice that had conventional mouse microbiota and two groups of 1 Department of Microbiology and Immunology, Stanford University School of Medicine, Stanford, CA, USA. 2 Novome Biotechnologies, South San Francisco, CA, USA. *e-mail: jsonnenburg@ stanford.edu In. Por.
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In. Por. In. Por. Groups of mice with three different gut communities (equilibrated for four weeks on standard laboratory diet before seven-day exposure to MAC-deficient chow, see Methods) from mice (restricted flora (RF)) or humans (Hum-1, Hum-2), were colonized with NB001. NB001 was tracked in faeces for seven days, and mice were switched to specialized polysaccharide chow containing either inulin (in.) or porphyran-rich seaweed (por.). b, Density of NB001 in faeces in the three gut communities over the course of seven days. RF, n = 9; Hum-1, n = 11; Hum-2, n = 10; Kruskal-Wallis test, *P < 0.0001. c, Density of NB001 in faeces before and after addition of inulin in the diet (orange shading) RF, n = 4; Hum-1, n = 4; Hum-2, n = 4; Kruskal-Wallis test, *P = 0.03. d, Density of NB001 in faeces before and after addition of seaweed in the diet (green shading). RF, n = 5; Hum-1, n = 7; Hum-2, n = 6; Kruskal-Wallis test, P = 0.19 (NS, not significant). Data are mean ± s.e.m. The grey-shaded boxes represent the limit of detection.
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ex-germ-free mice, each colonized with the gut microbiota from a different healthy human donor from the United States (humanized), as model hosts. These three groups of mice received a rare strain of the prominent gut commensal species Bacteroides ovatus (NB001), which we isolated specifically for its ability to utilize both dietary fructans and marine polysaccharides (discussed below). NB001 was monitored by green-fluorescent protein (GFP)-positive 12 colony forming units (c.f.u.) in faeces via selective plating over the course of seven days (Fig. 1a) . The different communities (Extended Data Fig. 1 ) varied in their ability to integrate NB001 (range of mean log 10 (c.f.u.) per ml in faeces on day 7 of < 4.60-6.70; Fig. 1b ) and one human microbiota was resistant to colonization altogether.
Diet is a primary selective force that shapes community membership and functionality [13] [14] [15] [16] . Members of the commensal genus Bacteroides are prolific utilizers of myriad diet-derived microbiota-accessible carbohydrates (MACs) through the machinery encoded by their polysaccharide utilization loci (PULs) 17, 18 . Given the competition for resources in the gut, we hypothesized that specific MACs may serve as a route through which colonization can be modulated across varied communities. Previously, we used this strategy in gnotobiotic mice colonized with two species of Bacteroides, using the dietary MAC inulin to enable the inulin-using strain to proliferate 19 . To test the applicability of this approach in the context of a complex microbiota, we administered inulin to the three aforementioned groups of mice seven days after inoculation with NB001, which is capable of robust growth on inulin as the only carbon source (Extended Data Fig. 2a ). Over seven days of feeding the same inulin-based diet used in our previous study (10% inulin w/w) to these three groups of mice, NB001 exhibited variable responses across the background microbiotas (range of mean log 10 (c.f.u.) per ml in faeces 7 days after diet change of < 4.60-6.67; Fig. 1c) .
By contrast, microbiota utilization of the non-ubiquitous marine polysaccharide porphyran, the primary carbohydrate in the seaweed Porphyra yezoensis used to prepare culinary nori, is much less common in US microbiotas 15 . The consumption of porphyran by rare Bacteroides strains is enabled by a horizontally transferred PUL, which originated in marine bacteria 15, 20 . Whole-genome sequencing of NB001 revealed a gene cluster highly homologous to a previously described porphyran PUL (Extended Data Fig. 2b) . We verified the requirement of the intact PUL for specific growth on porphyran in vitro by knockout of porphyran utilization genes (Extended Data Fig. 2c ). We hypothesized that this unique dietary MAC would create a privileged niche within the gut and promote engraftment of an exogenous strain competent in its use. Therefore, we administered a custom diet supplemented with porphyran-rich seaweed (10% nori w/w) to the three groups of mice seven days after inoculation with NB001. Indeed, in response to seaweed in the diet, we observed a robust increase in abundance of NB001 (four to six orders of magnitude), irrespective of background microbiota. Additionally, the variability in colonization levels across communities was eliminated (range of mean log 10 (c.f.u.) per ml in faeces 7 days after diet change of 10.34-10.96; Fig. 1d ), indicating specificity of a privileged nutrient source and its cognate utilization system to promote bacterial growth in vivo. Access to porphyran in the diet rescued NB001 from below the limits of detection in mice with the most resistant microbiota and boosted its abundance to levels indistinguishable from those achieved in mice with the other two microbiotas (Fig. 1d) . Despite potential limitations of this specific polysaccharide system in populations colonized with competing porphyran utilizers (for example, a small subset of Japanese individuals 15 ), together, these data suggest a powerful approach in using rare pairs of nutrients and their cognate utilization systems to reliably control strain engraftment independent of the background microbiota, and implicate nutrient availability as a key modulator of strain integration into the gut community.
Given the context independence of strain engraftment via access to porphyran in the diet (Fig. 1d) , we next tested whether the population size could be reversibly expanded by addition and removal of the substrate in vivo. We colonized mice that had conventional microbiota with NB001 and tracked the c.f.u. in faeces before, during and after a five-day administration of 1% porphyran in the drinking water. To test the influence of competing polysaccharides in the diet, we performed this experiment on both standard, MAC-rich chow and a MAC-deficient chow that provides no exogenous polysaccharides to the microbiota. With or without other competing dietary MACs, NB001 responded robustly to introduction of porphyran, showing a large and highly reproducible increase in abundance (Fig. 2a, b ). This response was contingent upon access to porphyran, as deletion of eight genes required for its metabolism abolished the effect (Fig. 2c) . Additionally, the porphyran alone did not significantly affect the composition of the background microbiota (Extended Data Fig. 3 ), supporting the lack of porphyran use by members of the background community.
Bacteroides species engage in interesting colonization behaviour in which an early colonizer will exclude a challenging isogenic strain 4 , a phenomenon known as priority effects in the ecological literature 21, 22 . We hypothesized that this behaviour could be overcome by providing a privileged nutrient to the challenging strain to create an exclusive Letter reSeArCH metabolic niche. Indeed, an early-colonizing version of NB001 lacking the functional porphyran PUL excludes a PUL-competent NB001 challenge strain in mice with conventional microbiota (Fig. 2d) . Supplementing porphyran in the water, accessible only to the challenging strain, enabled the challenging strain to overcome the priority effect, and resulted in displacement of the early colonizer by the challenging strain (Fig. 2e) . Replacement of the early-colonizing strain required that the challenging strain had access to porphyran (Extended Data Fig. 4a ), and displacement was robust to subsequent challenge by the original colonizer (Extended Data Fig. 4b) . Interestingly, an intermediate colonization state could be achieved with shorter porphyran administration (Fig. 2f) .
On the basis of the sequence of the NB001 porphyran PUL, using alignment to the previously published PUL from Bacteroides plebeius 15, 20 (Fig. 3a) , we constructed three different minimal PULs, ranging from 10 to 34 of the genes (20-60 kb) from the full-length PUL (Fig. 3a) . Previous methods 19 used to transfer a five-gene PUL were not sufficient for these much larger constructs, and so we assembled the plasmids via homologous recombination in yeast 23 before integration into the chromosome of two target strains unable to utilize porphyran for growth, Bacteroides stercoris and Bacteroides thetaiotaomicron (Extended Data Fig. 5 ). Transfer of the short 10-gene PUL was insufficient to impart growth on porphyran to either of the naive species of Bacteroides tested (Fig. 3b) , but the medium (21-gene) and long (34-gene) PULs both enabled growth of strains in vitro (Fig. 3b) .
Notably, the two species harbouring the medium 21-gene PUL reached different maximum absorbance during growth, although this could be due to differences in the efficiency of growth in minimal medium (Extended Data Fig. 6 ). A substantial drop-off in conjugation efficiency was observed with the 34-gene PUL, and only B. stercoris yielded transconjugants. When colonized into mice with conventional micro biota, abundance of B. thetaiotaomicron harbouring the medium 21-gene PUL could be reversibly expanded through addition of porphyran in the water (Fig. 3c) , and this also occurred when mice were colonized with B. stercoris harbouring the long 34-gene PUL (Extended Data Fig. 7) .
We next sought to determine whether strain abundance could be tuned by varying the amount of porphyran supplemented in the diet. We colonized mice that had conventional microbiota with a GFP fluorescent NB001 strain and tracked c.f.u. in the faeces before, during and after administration of 1%, 0.1% or 0.01% w/v porphyran in the drinking water (resulting in an estimated dose of 70, 7, or 0.7 mg porphyran per mouse per day, respectively). For each tenfold dilution of porphyran administered in the water, we observed a tenfold decrease in abundance of NB001 in the faeces (Fig. 3d) , indicating fine control over strain abundance through modulation of the porphyran concentration. When examining prepared frozen tissue sections of proximal colon from mice consuming 0.01% or 1% porphyran in the water for endogenous GFP of the NB001 strain via confocal microscopy, a substantial increase in GFP-positive cells + colonized in mice with conventional microbiota consuming a MAC-rich diet demonstrates tunable (finely controlled) response to porphyran in the drinking water (shaded green, n = 4 per group). Data are mean ± s.d. e, NB001 expressing GFP colonized in conventional mice that received 0.01% porphyran (left) or 1% porphyran (right). Image is of proximal colon with host epithelium visualized by DAPI (nuclei, blue), epithelial border visualized by phalloidin (F-actin, white), background microbiota by DAPI segmented from host epithelium (bacteria, magenta), NB001 by endogenous GFP (bacteria, green). Scale bars, 16 μm.
was seen when comparing mice that received 0.01% compared to 1% porphyran (Fig. 3e) .
Finally, we investigated whether access to porphyran enabled colonization of the colonic crypts. We previously observed that B. thetaiotaomicron is excluded from crypt colonization when an isogenic strain of B. thetaiotaomicron is already established in the gut 12 , and sought to overcome this crypt exclusion with privileged access to porphyran. We colonized germ-free mice with wild-type B. thetaiotaomicron expressing red-fluorescent protein (RFP) and challenged seven days later with an engineered B. thetaiotaomicron harbouring the 21-gene porphyran PUL and expressing GFP. When mice received no porphyran in the diet, the GFP-expressing strain was excluded as anticipated (Fig. 4a, c) . However, when mice received porphyran-rich seaweed chow, the GFPexpressing, porphyran-using strain was able to colonize the colonic crypts (Fig. 4b, c) , suggesting privileged nutrient-utilization enables remodelling of this specialized microhabitat.
Factors governing commensal niche availability in the gut microbiota are not well defined, and predicting the amenability of a given community to the introduction of a new strain is a challenge. Here we have illustrated the concept of exclusive nutrient access as an important principle underlying strain engraftment and abundance control. Moreover, the context independence, reversibility and tunability of this approach expand the utility of these results to broad applications ranging from experimental manipulation of complex communities to fine-tuned control of therapeutic strains or cocktails of microorganisms. Understanding the role of nutrient utilization in the microbiota clarifies our image of the gut niche landscape, and will help to facilitate the design of systems that can be deployed to enhance human health.
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21. Drake, J. A. Community-assembly mechanics and the structure of an experimental species ensemble. Am. Nat. 137, 1-26 (1991 Data Fig. 5 ), 0.5% (Extended Data Figs. 2) or 0.8% (Fig. 3b) w/v and filter-sterilized. Path length for our growth curves was 0.58 cm. SMM was either made fresh on the day of the experiment, or prepared without histidine/haematin or l-cysteine and stored at 4 °C for up to four weeks, with the missing components added on the day of the experiment.
The c.f.u. was determined by serial dilution of faeces (resuspension of 1 μl of fresh faeces in PBS, performing serial dilutions, and extrapolating to c.f.u. ml −1 faeces) and culturing on brain-heart infusion blood agar (BHI-BA) with appropriate selective antibiotics (200 μg ml −1 gentamicin, and 25 μg ml −1 erythromycin or 2 μg ml −1 tetracycline), or on SMM agar plates (for GFP visualization, 2× SMM was heated to 50 °C and combined with an equal volume 3% agar heated to 50 °C) with selective antibiotics. Total culturable anaerobe number was determined via plating serial dilutions of faecal matter on BHI-BA without antibiotics.
NB001 (porphyran using B. ovatus) and NB004 (naive B. stercoris) were isolated from primary waste effluent at the San Jose Wastewater Treatment Facility via selection in liquid culture (SMM) with 200 μg ml −1 gentamicin (as Bacteroides are naturally gentamicin-resistant), and for NB001, growth on 0.8% porphyran. In brief, settled primary effluent was diluted tenfold into SMM and grown as above for 24 h, subcultured at 1:200 into fresh medium and grown for 24 h, and plated in serial dilutions onto BHI-BA. Single colonies were picked into SMM for growth confirmation, cryogenic storage and downstream analysis. Species were identified via whole-genome sequencing. A GFP-expressing, erythromycin-resistant variant of NB001 was generated as described previously 12 .
Genome sequencing and analysis. Genomic DNA was isolated from NB001 and NB004 using a PureLink Genomic DNA Mini Kit (Invitrogen). Samples were prepared for multiplexed Illumina sequencing using a Nextera XT DNA Library Preparation Kit (Illumina) and run on an Illumina MiSeq using a 2 × 150-bp paired-end kit. Approximately 10 million sequencing reads were obtained for each sample. De novo assembly of the reads was performed with the Geneious De novo Assembler (Biomatters), yielding an average coverage of around 100 reads per bp. Gene annotation and alignment was also performed using Geneious (https:// www.geneious.com/). Porphyran PUL transfer and knockout. Generation of the porphyran utilization deficient mutant was performed using tdk counterselection as described previously 24 . A thymidine kinase (tdk) deficient mutant (NB007) of NB001 was generated by exposing an aliquot of liquid culture of NB001 to 320-nm ultraviolet light from a VWR-20E transilluminator (VWR) for 60 s and plating on BHI-BA supplemented with 200 μg ml −1 of 5-fluoro-2′-deoxyuridine (FUdR). Eight genes predicted to be essential for growth on seaweed MACs (homologous to BACPLE_1692-1699) were knocked out using pWD034 (Extended Data Table 1 ), a plasmid with 1.5 kb of homology upstream and downstream of the target region was assembled via Golden Gate Assembly into an erythromycin-resistant, tdk-containing vector.
Generation of the seaweed PUL knock-in strains required expansion of previous knock-in methods 19 because of the large size of the PULs (20−60 kb). On the basis of gene annotations and sequence alignment to a previously published mobile element conferring seaweed polysaccharide utilization capabilities 15, 20 , we designed three minimal PULs of varying sizes (20 kb, 40 kb and 60 kb; Fig. 3a) . To propagate such large pieces of DNA and integrate them into the Bacteroides genome, we used a three-step process: performing yeast assembly into a custom shuttle vector, propagating it in Saccharomyces cerevisiae and Escherichia coli, and then performing conjugation and genomic integration into Bacteroides species. The minimal PULs were each divided into multiple 6-kb fragments with 200-bp homology between pieces and assembled in yeast 23 with fragments containing the KanMX selectable marker and CEN6/ARS4 origin for selection and growth in yeast, the bacterial artificial chromosome origin and chloramphenicol selectable marker (from the pEZ-BAC vector, Lucigen) for selection and growth in E. coli, and the conjugative origin and parts for integration and selection in Bacteroides (Supplementary Information). Yeast cells with successfully assembled constructs were lysed by mechanical disruption with 0.5-mm glass disruptor beads (USA Scientific), and lysates (raw lysates not purified for plasmid DNA) were mixed 1:20 with electrocompetent E. coli S17-1 cells 25 . DNA was introduced to the E. coli cells via electroporation according to a previously described protocol 26 . Successfully transformed E. coli were then grown and conjugated with NB004 and B. thetaiotaomicron VPI-5482 as previously described 12 . NB004 successfully integrated all PULs, but B. thetaiotaomicron VPI-5482 was initially unable to integrate any PUL constructs. To improve rates of genomic integration, we pre-integrated an NBU2 integrase-expressing plasmid with tetracycline resistance into B. thetaiotaomicron VPI-5482, and this improved efficiency such that B. thetaiotaomicron VPI-5482 conjugants were obtained for both the short and medium length PUL constructs. Porphyran preparation. Raw culinary nori derived from Porphyra yezoensis (acquired from https://www.rawnori.com) was added at 10% w/v to distilled water and subjected to hot water extraction by autoclaving for three hours. The mixture was then cooled and centrifuged at 11,000 g. The resulting supernatant was ethanol precipitated by combining the solution with 100% ethanol to a final concentration of 80% ethanol, 20% supernatant and incubating at 4 °C for 24-72 h. The precipitate was recovered by centrifugation at 26,000 g and dried for 24 h before manual grinding to generate a measurable powder. Mice. Ex-germ-free or conventionally colonized (conventional, restricted flora (RF)) male or female Swiss-Webster mice (Taconic) aged 8-16 weeks were housed in gnotobiotic isolators and fed either an autoclaved standard diet (LabDiet 5K67) or a custom diet as indicated below (Bio-Serv) in strict accordance with a Protocol for Care and Use of Laboratory Animals approved by the Stanford University Administrative Panel of Laboratory Animal Care. Sample size was chosen to generate enough power for statistical significance, animals were split into groups at time of weaning, blinding was not performed and the experiments were not randomized. Introduction of all Bacteroides strains into either ex-germ free or RF mice was performed by oral gavage of 10 8 c.f.u. of the given strain in culture medium. Mice were humanized ( Fig. 1 ) with faecal samples from healthy human donors that were stored at −80 °C, thawed and resuspended in pre-reduced PBS in anaerobic conditions at a 1:1 dilution, and 0.2 ml administered orally into germ-free mice (total sample administered per mouse equivalent to 0.1 ml frozen faecal matter). The mice were allowed to equilibrate the human microbiota for four weeks while consuming the standard laboratory diet (Purina LabDiet 5K67, mix of crude protein, fat and carbohydrates). One week before introduction of NB001, mice were switched to MAC-deficient chow (AIN-93G, 68% glucose). Seven days after introduction of NB001, mice were switched to custom diets with inulin or seaweed as the only available MACs (AIN-93G, 10% unique polysaccharide, 58% glucose). RF mice (Figs. 2, 3) were administered porphyran in the water at the percentage indicated (w/v). Gnotobiotic mice were fed either standard laboratory diet (Fig. 4a) or custom seaweed chow (Fig. 4b) as above. 16 S rRNA analysis. DNA was extracted from faecal samples using the PowerSoil 96-htp kit (MoBio), and amplified at the 16 S v4 region (515 F, 806 R). Qiime 1.9 was used to analyse the resulting Illumina-generated sequencing reads as previously described 27 . Data were rarified to the sample with the lowest number of reads (16, 384) , and open-reference OTU picking via UCLUST and taxonomy assignment through the Greengenes 13.8 database (http://qiime.org/home_static/dataFiles. html) was performed. Microscopy. Tissue was harvested and immediately fixed in 4% paraformaldehyde in PBS for 48 h at 4 °C. Cassettes were transferred to 20% sucrose for 24 h, and then samples were embedded in OCT compound (Tissue-Tek) before sectioning at 30 μm on a Leica CM3050S cryostat. Sections were stained for 30 min with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma-Aldrich) and Alexa Fluor 594 phalloidin (Life Technologies). Images were taken on a Zeiss LSM 700 confocal microscope. Reporting summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this paper. Data availability. The 16 S sequencing data have been deposited in the Sequence Read Archive under accession number PRJNA436622. Source Data for all animal experiments are available in the online version of this paper. Life Sciences Reporting Summary Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list items might not apply to an individual manuscript, but all fields must be completed for clarity.
For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.
Experimental design 1. Sample size
Describe how sample size was determined.
No statistical methods were used to determine sample size. We used reasonable numbers of animals given restrictions due to maintenance in gnotobiotic conditions.
Data exclusions
Describe any data exclusions.
We did not exclude any data.
Replication
Describe whether the experimental findings were reliably reproduced.
In cases where replication was attempted, results were all reproducible (toggling population size, tuning population size, toggling engineered strain population size)
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
Littermates were grouped at random by a researcher unaware of experimental design. Grouped littermates were chosen at random prior to beginning experimentation.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
Investigators were unblinded during data collection and analysis for population sizes, given the quantitative and non-subjective nature of analysis.
Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
